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I. Introduction 

bv T 9 H n E p d «^, n9 * rati0n m , 1987 of the formation of NO* 
"y an enzyme m vascular endothelial cells opened up 

ophSpbTfa J SOD « ? h ° h M ei he ™* lobi * ©MP. suenosine mon- 



what can now be considered a new area of biological 
research (for review, see Moncada et al. t 1989) NO 
wh,ch accounts for the biological properties of EDRP is 
the endogenous stimulator of the soluble guanylate c.y- 

MMnA S M P ' a ?? m n 'twP~Mide; ADP, adenosine diphosphate^ 
NMDA. N.wetbyl-D. a8P artat e! NANC, nonadrenergic, nonchoSS 

factor, PMLP, fomyl-methionyUeucyl.phenyUUmine. 
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clase. In addition, NO is an effector molecule released by 

add^tbn 80 and 0ther cells after immunological 

NO is synthesized from the amino acid L-arginine by 
an enzyme, the NO synthase. In the last yearit has 
become apparent that there are at least two types of this 
enzyme. One is constitutive, cytosoUc, Ca^/cahnodulin 
dependent, and releases NO for short periods in response 
to receptor or physical stimulation.. The NO released bv 
this enzyme acts as a transduction mechanism underly- 
ing several physiological responses. The other enzyme is 
induced after activation of macrophages, endothelial 
cells, and a number of other cells by cytokines and, once 
expressed, synthesizes NO for long periods. Furthermore, 
this en^me is cytosolic, Ca a+ independent, it requires 
^rshydrob.opterui as well as other cofactors, and its 
mdudaon is inhibited by glucocorticoids. So far, the onlv 
clearly established role for this NO is as a cytotoric 
molecule for invading microorganisms and tumour cells. 
It is hkely, however, that the release of NO via this 
enzyme has other biological consequences including 
pathological vasodilation and tissue damage 

This review will consequently be divided into two 
major areas one relating to the role of NO as a trans- 

1 3S3 tte f fWl8m md ^ 0ther to it8 roIe «s ^ effector 
molecule whose release is induced during immunological 
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n. Nitric Oxide as a Transduction Mechanism for 
the Soluble Guanylate Cyclase 

A. Vasculature 

1. Early observations of endothelium-dependent nlax- 

that fl ?' Fur f h * ott «* Z^'adzki demonstrated 
nend^t « T^* 1 relaxation «»*wd by ACh was de- 
pendent on the presence of the endot helium and provided 

EH? a V thi8eff - twa8 -«iate,ibyalaS e Cor2 
«ltatio? r wh^r " m ?*- ^^hehum-dependent 
maS vZLZ W8 !- Sub8e ^ enti y demonstrated in 
? P «^Z Preparations, including aome veins, arter- 
miCTOv v e98el «. °<*urs in response to a variety of 

ESn^S. ? ^ C1UD1 10n °P hOTe A23187, and brady- 

wndtTZi ^T^ion, A*™ cause endothelium-de- 
22? \ reIaxatl0n of vas *»« tissue in vitro. Some 
ntXeiTT' Z° h aS the ^aeodilatort, aS 
t£ 7*T b ° Vine retractor P e ™ inhibitory fac 

S«f r * laxatl0n ^ endothelium-independent mecba- 

^B«^S£^ »* GriffithTa?.. 
tk A i * a5; Moncfl oa et ai., 1986b» 



of a "sandwich" arrangement of two rabbit aortic stxipi 
in which the EDRF donor (a strip with intact endothe 
lium) was placed, intimal surface to intimal surface, nexi 
to the detector (a strip without endothelium; Purchgott 
1984). Another approach involved perfusion of the lumer. 
of an intact rabbit isolated aorta, the effluent of whicfc 
was used to superfuse endothelium-denuded vasculai 
rings (Griffith et al., 1984; Rubanyi et al., 1985). Stimu- 
lation of the donor aorta with ACh caused relaxation ol 
the detector tissues. Finally, vascular endothelial cells, 
cultured on microcarriers and packed in the barrel of a 
syringe or a modified chromatography column, were per- 
fused, and the effluent was used to superfuse a ring of 
canine coronary artery or a series of rabbit aortic strips 
denuded of endothelium (CockB et al., 1985: Gryglewski 
et al., 1986a). 

It was established, using techniques Buch as these, that 
EDRF was a very short-lived substance with a half-life 
?l °S f^ 011 "* 8 °*ygenated physiological salt solutions 
(Griffith et al., 1984; Cocks et aL, 1985). Release of EDRF 
was observed under basal conditions as well as after 
stimulation with ACh (Griffith et al., 1984; Rubanyi et 
al., 1985; Martin et al., 1985). The effects of EDRF were 
i inhibited fa y m ' methylene blue (Martin et 

al., 1985), and other agents such as dithiothreitol and 
bydroquinone (Griffith et al., 1984) and to be mediated 
by stimulation of the soluble guanylate cyclase with the 
consequent elevation of intracellular cyclic GMP levels 
(Rapoport and Murad, 1983). 

Bioassay studies in which the source of EDRF, either 
fresh vascular tissue with endothelium (Rubanyi et al., 
1985) or vascular endothelial cells in culture (Cocks et 
aj., 1985; Gryglewski et al., 1986a), was separated from 
the detector (endothelium-denuded vascular rings or 
strips) allowed the study of the effects of physical or 
chemical mancipation on the generation, stability, or 
actions of EDRF. It waa found using such techniques 

S^SST* • Bto ?* (<V) contribute to the instability 
k ^P 1 ^' b f. cauae the effects of EDRF were prolonged 
by the addition of SOD (Gryglewski et al., 1986b; Ru- 
banyi and Vanhoutte, 1986) and inhibited by Fe 8+ (Gry- 

1 -kJ 988 ^' L Furtherao ^ * number of compounds 
described as inhibitors of EDRF were shown to act by 

nZlT* ? 2 1 ^ o±?° n as a "«* of t^ir redox 
property Indeed, SOD attenuated their inhibitory ef- 
fects on the action of EDRF (Moncada et al., 1986a) 
These observations led to the prediction and subsequent 
confirmatwn that another substance capable of removing 
O* cytochrome c, would attenuate the action of these 
Hl C °T UDdS ? EDRF and that an <V-generatin* 
ST"! 4, F y f° Bail0! ' WOuid 3180 act as an ^hibito" 

been used by a number of authors to investigate the 
sunaga and Furchgott, 1989; Shultz and Ray, 1989). 



08/24/2084 10:17 12044889823 



PAGE 04 



SSS TV- £l.'. h0WeVBT ' d0es not acco ^ *» the 
action of aU ,nh,bitors of EDRP, because Hb does not 

et al f 198?) (MWtin * ^ 1&86; Hut chineon 

/aS? T 83 , 8 l 8 ° Shown to in l»ibit Platelet aggregation 

al l^at t'^^ 0 ^ 6t ^ 1987 = ^onSi et 
^ Ta I' Aggregation of aggregated plate- 

TT 26 ^ P^^n in both of these 

• £2? i P ! adhe3i0n 10 endot helial monolayers, «- 
. 2. Identification of endotheUum-deriued relaxing factor 

^chriL^P 4?o 0,13,111 and Neufang ' 1984) 01 of the 
T™, et al - 1986 ) or was a compound with a 
SffiST*^ ^ aCtiV6 8ite < Griffil * * a 1 ' ^) 

fcTi ? SmSnSf 8 * th6 P ^™ coI °^ behav- 
£™\ 0f t DRF 811(1 NO generated from acidified NOr 

sS2d M time ' I 8 narro 64 al. also 

ma^an^catr^ fO ^ ati0n ° f N0 by 
releZrf Sl , fr0m ?^ er «°«nts in which BDRF 

the^emt? w«s detected by 

roe chemical means used to identify NO NO m J, El 
measured directiy as the chemuSe^ent proS of 
to reaction with ozone (Downea et al., 197^ was 

SaTkirrL^ 8 ^ 0 ! that the ^ncentratiols Tf 
bradykinin that induced the release of EDjRF from nor- 

erne aortic endothelial cells in culture abo cSJK 
concentration-dependent release of NO. Creoter the 

T^o ltT 5 ? by th6 CeU9 -re Sentt 
rC ?^ " lax ft^ of vascular strips (Palmer et 
bvVi?i 5 1 ' Ra,teB ^ the levels of NO released 
^rf CeU8 d i 0 acco « n tedfor the inhibition of pS 

al.. 1987s) at ahowed ^ S (Radon,ski et 

indistinguishable ?M? n ^ + th 1 ^ coa Wk were 
and NO^ZS a 19m \ Both EDRF 
declined at thTJJT f i • f the vasculai ' 9tri P s that 

rate of decay durinl 7™ ' •* • : h f Funhe ™ore, the 
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ehJSLi- between N0 by bioessay and by 

SoTT^- A >*?"??- »«««tio« of rabbit aortabyioRF 
Tl Jl"*"! Pflck6d ^ «>*>thalial <»Ua cultured on r^crocar- 
new was peyfuaed with Krebs' buffer (6 ml/min). The effl^SnTwM 

a^thebmn, m a cascade (top tissue only shown in this W The 
^deoxy-fe, Uo-methano epoxy-prostaglandin (U4861^ 30 nwl 
^ ^ r tk8ues **> Ablated by aSstraS 

reWdT. "^^on-dependent manner by EDRP 

^ ^ ^ "fuaione through the coluZ (T C) 

awna. B, ChemilumineBcence: release of NO by bradvkinin fBk> ^1 

raL2S^ M . ft 1 " nUn infbai<>n ^ ^ <»lumn effluent) which 
EfflS H bl0 « Bayt «'«ues were aiso detectable by ch«nU« M nute^nce 
wSlSLS'l? 6 C ° 1 !? n ' °f Kreb8 ' b "ff« tato which SSrS 
cZSKa was passed cootinuousiy (5 ml/»in) into a reaction' vessel 

a str^^N ^2 ^^ng mixture under reduced prefi3uw , n 



platelet aggregation (Radomski et al. 5 1987a), induced 

a 1 S hi m nhlblted Platelet adhe8i01J (Radomski et 
TZmiS aggregation w «« similar (Radomski 

on^lateS 113 ° f ^7 f 1 ' 3 N0 0n vaacuI « strips and 
on platelets were similarly potentiated by SOD and cy 
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1 t9C 




2cm 



♦ t t t 

GTN Bk NO GTN 
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Fiq. 2 Comparison of tho stability of EDRF and NO during 
bi0 ?*W EDRP («l**ed by bradykinin, 20 

nM)and NO (44 nM) decay at similar raten. For details of eroetimantal 

327s 624-626, 1987 (Macmillan Magazines Lc*L). 

tochrome c and inhibited by Fe* + and some redox com- 
poimds (Palmer ct aL, 1987; Hutchinson et aL, 1987: 
Radomski et a]., 1987a), Furthermore, the potent of 
redox compounds as inhibitors of EDRF-induced and 
NO-induced vascular relaxation was attenuated by SOD 
Su a Sim S^ e ^ tent 111 addit ^n, the inhibitory action of 
Hb on EDRF can be explained by the fact that this 
substance binds avidly to NO (Hermann, 1866; Gibson 

Sp»*J& 19671 Martin et 1986) ' Fina1 ^ bot ^ 

* i ™ 0 act on vascular smooth muscle (Kukovetz 
et a 1979; Rapoport and Murad, 1888) and platelets 
(Melhon et aL, 1981) through the stimulation of soluble 
guanylate cyclase and elevation of cyclic GMP 
NO release from vascular endothelial cells from other 

rfmSi?^!* 0 a ? ouat for th " bioloeical actions 
of EDRF, has also been demonstrated It was also shown, 

using a chemical assay based on the diazotization of 
sulfamic acid by NO and subsequent coupling with N- 
l^naphthyD-ethyiene diamine, that NO or a kbSe nL 
troso species was released from perfused bovine pulmo- 
nary artery. Furthermore, perfusion of segments of pui- 

relaxant responses and elevation of vascular cyclic GMP 



levels in the bioassay tissues that could be matched by 
NO (Ignarro et al M 1987). Similar results were obtained 
in perfused rabbit aortae stimulated with ACh, A23187, 
and substance P (Khan and Furchgott, 1987; Chen et aL, 
1989). Later, the use of a spectrophotometric assay, based 
on the reaction between NO and Hb, also demonstrated 
the release of NO from vascular endothelial cells in 
culture (Kelm et aL, 1988). Furthermore, the release of 
NO from isolated perfused rabbit (Amezcua et aL, 1988) 
or guinea pig (Kelm and Schrader, 1988) hearts has been 
shown to account for the vasodilator actions of ACh and 
bradykinin in these preparations. 

All of this evidence strongly supported the proposal 
that EDRF is NO. Moreover, NO fulfilled the criteria 
for identification as a biological mediator, as originally 
defined by Dale (1933), 

5. Controversy about the chemical identity of endothe- 
lium- derived relaxing factor. Although the evidence for 
EDRF being NO is compelling, several lines of research 
have questioned this conclusion, These include observa- 
tions about variations in the halMife of EDRF, differ- 
ential binding of EDRF and NO to anion exchange 
columns, differential activity of EDRF and NO on 
smooth muscle preparations, stabilization of EDRF, and 
poor correlations between biological activity and the 
amounts of NO detectable by chemical methods. 

Wide variations in the half-life of EDRF (from 3 to 50 
s; Griffith et aL, 1984; Forstermann et aL, 1984; Rubanyi 
et aL, 1985; Cocks et aL, 1985; Gryglewski et aL, 1986b) 
can probably be explained in terms of the relative con- 
tributions of 0 2 and Or to the inactivation of NO under 
different conditions. Oxygen is known to react rapidly 
with NO to form N0 2 which in solution forms nitrite 
(NO* ) and nitrate (N0 3 ^), both of which are almost 
inactive on platelets and vascular strips (Radomski et 
aL, 1987b; Palmer et aL, 1987). NO has also been shown 
to react with 0 2 " to form NO a w (Blough and Zafiriou, 
1986). Thus, different half-lives are likely to be reported 
as the experimental conditions vary from laboratory to 
laboratory, making these studies of limited value. To 
date, no systematic study has been conducted of the 
chemistry of NO in physiological solutions at 37°C. 

EDRF has been reported to bind to anion exchange 
columns (Cocks et aL, 1985; Long et aL, 1987), whereas 
NO does not (Longet aL, 1987). However, other workers 
have shown that amounts of NO that induce comparable 
relaxation of the bioassay tissues also bind to these 
columns, although to a lesser extent (Khan and Furch- 
gott, 1987; R. M. J. Palmer and S. Moncada, unpublished 
results). NO is not anionic, but it is known to nitrosate 
^jS e * flnd ' therefore ' K likely that the interaction of 
EDRF and NO with these columns is a chemical reaction. 

The response of the bioassay tissues to bolus admin- 
istration of an agonist differs quantitatively from that to 
an infusion. The release of NO after stimulation is likely 
to occur at variable rates for periods in excess of 1 min. 
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Because of this, the comparison between NO released 
from cells or tissues and bolus injections of NO may be 
misleading. 

Some authors have reported that EDRF only relaxes 
vascular smooth muBcle, whereas NO relaxes vascular 
tracheal, and taenia coli smooth muscle (Shikano and 
Berkowrtz, 1987; Dusting et ai., 1988a). These results are 
difficult to analyse because neither group presented evi- 
dence showing that equieffective amounts of EDRF and 
NO were compared. The guinea pig tracheal strip is 
approximately 30 times less sensitive to infusions of NO 

• SSiSi* • *? rtic 8trip ' 8U ^ e3tin & that the amount 
of EDRF required for its relaxation is in excess of that 
released by porcine cells in culture (Dusting et al., 1988b- 
K. M. J. Palmer and S. Moncada, unpublished results)! 
Furthermore, several laboratories have reported that, 
under appropriate experimental conditions., EDRF from 
cultured endothelial cells relaxes the same nonvascular 
Smooth muscle preparations as does NO (Gillespie and 
Sheng, 1988; Angus and Cocks, 1989; Bug* et al., 1989; 
Furchgott et al., 1990). ' 
EDRF has been reported to be stabilized: by acidifica- 

tfr ^5?' a condition that *^ d ** 

expected to stabibze NO. However, this can be explained 
m terms of the transformation of NO into NO," which 

has , been shown that NO," has the same chromatographic 
mobility as that reported (Murray et al., 1986) for the 

«™w f rf ° f (R " M ' J - Pa ^«andS. MoncaS 
unpublished results). 

c*n?f! :F u l T?** 0m cultuwd bovine aorti c endotheUal 
^ 8 ,^, brad y^nin has been found to be much more 

nE* ? 2' Furthermore . w hen the effluent was lyoph- 
ihzed and then reconstituted, it still had a major part of 

be e Sf- aCtiVity ' «W-«»I that EDRF may 

to wW^ 01 of NO. An alterative explanation 
ZSZL h 5 W S h ****** «» release from these 
SSrSf 0 ^ 8 ^ ^substances 

K mt \5? *° f ° m a much more 8tab ^ P«>duct 

that can release NO on contact with tissue ai: 3VC Such 
a product may be similar to the inhibitory factor from 
the bovine retractor penis (Gillespie and 1 Shene 198? 

JKL? im l° The -^atabfe pSrsof of 
this factor is now thought to be NO," (Furcheott 1988- 

tSS^Lt w aftel * neutrflIi2a tion by some 

iSf? ^ been SUggested to be *" ^able 
mtroso compound, such as S-nitroso-cvsteir^e based or 

S^dTnl'V 0 ^^ ^ of NO on vawular 
n^T^ b6tWeen me ^ments of 

-cular strips in i^^XSiSSLS 
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than that reported by other workers. Furthermore, con- 
tamination of NO with NOa", which can occur in the 
preparation or use of these solutions (Furchgott, 1990), 
could account for discrepancies in the measurements of 
NO by bioassay and by chemiluminescence, which meas- 
ures both NO and NOj". Because these authors report 
identical stability of NO, EDRF, and S-nitroso-cysteine, 
it is more likely that differences in potency or in the 
amounts of NO measured are simply methodological. 

Evidence from electron paramagnetic resonance spec- 
troacopy has also recently questioned the identification 
of NO as EDRF (Rubanyi et al., 1990; Vedernikov et al., 
1990). These measurements are based on the reaction 
between NO and Hb to form paramagnetic nitrosyl-Hb 
and show that NO, but not EDRF, forms such a species 
under apparently equivalent conditions determined by 
bioassay. However, the sensitivity of this method is lim~ 
ited and NO a can also form nitrosyl-Hb under some 
conditions (Doyle et al., 1988). Because this method is 
based on a chemical reaction, it is essential to compare 
NO and EDRF under the same conditions 

The finding that EDRF and NO have identical chem- 
ical stability and quantitatively and qualitatively identi- 
cal biological actions indicates that, if EDRF is released 
from the endothelial cells as an unstable precursor, it 
must break down completely within 1 s. Because celt 
membranes axe readily permeable to NO, it is difficult 
to envisage a role for such a precursor, which may not 
easily penetrate cell membranes. However, if the exist- 
ence of such an intermediate is proven, it will not detract 
from the fact that the biological effects of EDRF are 
mediated ultimately by NO. Distinction between these 
options is unlikely to be achieved by bioassay experi- 
ments because the responses of tissues to NO, or unstable 
generators, administered under different conditions, 
cannot be clearly distinguished. It is likely, therefore, 
that this question will only be resolved when the bio- 
chemical mechanism of the synthesis of NO is clarified. 

The existence of mechanisms other than NO which 
play a role in endothelium-dependent relaxation cannot 
be excluded at present. For example, stimulation of the 
endothelium of some arteries by ACh results in a hyper- 
polansation of the adjacent smooth muscle cells which 
S C0 p n * te *<> their relaxation (Komori and Suzuki, 
i22 nS et °u Vanhout te, 1988; Brunet and Beny, 
1SHJ9). This hyperpolarization has been attributed to the 
release of a factor, termed endothelium-dertved hyper- 
P , i^o g i aCt ° r (Peletou ahd Vanhoutte, 1988; Chen et 
al., 1988; Taylor and Weston, 1988). Although it has 
oeen reported that endothelium-derived hyoerpolarizing 
factor differs from NO in that it is not influenced by Hb 
or methylene blue (Chen et al., 1988; Taylor and Weston, 

!h!L? **t Suzuki ' 1989) ' N0 ha * recently been 
?°7 ^^^ehyperpolarization of some arteries" (Tare 
et al., 1990). Further work is required t0 ckrify £ 
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functional significance of hyperpolarization of both 
endothelial and smooth muscle cells. 

The existence of other endothehum-dependent vaso- 
dilator mediators would not be surprising, because mech- 
anisms subserving a biological function are usually mul- 
tiple. It is important to stress, however, that endothe- 
bum-dependent relaxations that axe susceptible to 
mbbition by Hb and methylene blue, Indicating the 
mvolvement of NO and cyclic GMP, have been demon- 
strated in many vascular preparations, whereas evidence 
wr other mechanisms is scant. 

yj'yf^!^ °f nitric oxi te- Early work ruled out the 
Wtehhood of compounds such as NOT, NOT, NH 3 , and 
hydroxyjamine being the source of NO (R. M. J. Palmer 
tod 8. Moncada, unpublished results). In 1988, however 
the ammo acid L-arginine was shown to be the precursor 

T\ he n 19 ° f N0 by va8cula * «°dotheUal cells. 
Endothelial cells, cultured in the absence of L-arginine 
tor 24 h prior to the experiments, showed a decrease in 
the release of BDRF induced by bradyMnin and A23187 
which could be restored by L- but not d arginine (Palmer 
et al 1988a). Furthermore, this enhancement only oc- 

22? * ?! u Pr r nCC ° f the ****** infusion, sug- 
gesting that the formation of NO was dependent on free 
L-arginine alone. 

the$edat f P revided °nly cixumstantial evi- 
of /; flI ? mne be * g the P recu ^r for the synthesis 
™« i 1* eXperiments were carried out using 
r n L 6P + l ? mCtry and t"N]L.arginine which demon- 
strated the formation of "NO from the terminal guaiS- 
dmo niteogen atom( 8 ) of L-arginine when the cells were 
afcmuUted with bradykinin (Palmer et «L, 19 88a; fig 3? 
1J» formation of NO," from L-arginine by SiSlW 
cells was reported by others (Schmidt et al.i 1988b) The 
conversion of L-arginine to NO is specific because a 
StaLl anabgues of L-arginine, induSng To en! 
EZSZ'JSl *°VS° trate8 - ^^ore, it was found 
v<w ? N ° endothe ^ cells in culture 
St wSH 1?? ^ e]nan ^^caUy specific maime 

generation of NOT and N0 8 " and citrulline from l- 

mhfoited by l^MMA ^Z^Z^lf^ 
endothelial cell cytosol, depleted of L-arpinine bv anion 

of r3ww„.ii-^ . ik»u». JJoth the production 

? w 1 m5. J J^" 1 * and the increases in cydic GMP w*» 
inhibited by L- but not D-NMMA A 11 of th c „T» 
consUtent witb NO and SSL^ tpr^ctsTf 

of I HJcitrulhne and the increase in cyclic GMP were 
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WH^-CH-N-CHz^CH^-CH^H-COOH 

" i 

«.-AR<MMIHE 

v ? 3 n ^"^ation of "NO release from porcine aortic endo- 
theUal eel a by ttau spectrometry. A column packed with microcame™ 
covered w,th endothelial cells that had been cultured in medium with 
°* (AEG) for24hwa8 P«^ed with Krehs' buffer (5 ml/ 

mui). The effluent was passed continuously Into the chemUummeacence 
reflu, vessel, as described I for fig. 1 except that NO was re™ fro* 
the refluxing mixture under reduced pressure in a stream of He The 
H* stream was passed continuously Into the source of an MS 50 TC 
(Kratos) mase spectrometer and "NO (m/e - 30.9950) was determined 
llf£ ^J^by electron impact mass spectrometry with^Se 
ion momtonng The identity of the signal was confirmed by reference 

^^■"NOwaanleaaed from celb stimulated with bradywSioS 
™L P '? enM 0f inftu,Ion * U^-^ginine (10 V A) or 
G-'N-aremine (10 *M; B). The cells released 2.2 S3 nmol "NO L l 
3) m the presence of G»N-arginine and 2.1 ± 0.7 nmol "NO (n = 4) 

l^ r8Be ^l f ""N"^^. "dieting that NO is derived from a 
guamdino nitrogen atom of L-arginine (shown as AD f^Zi^T^l 
Permission from Nature 338 iZSZZ^^t 



mlubited by Ca*+ chelators, indicating that this enzyme, 
which] has now been called NO synthase, is Ca>+ depend- 

btn^n^K^^^ 1990) - Shanax "suits have 
others (Mayer et al, 1989; Mulsch et 

Mil rZEL • • N0 8 y» tlu »M £»m endothelial 
cell cytosol was mhi^ted by calmcxfolin-binding peptides 
and antagoniats, an effect that was reversed by calmod- 

No' 8 S e8ti • g th ? ¥ 6 , Ca " de ^dent stimmaSon of 
NO 8y nthaae ^ endothelial cells is mediated by calmod- 
ulin (Busse and Mulsch, 1990a) 

a rir^ nt * eVj ? nCe ^ m ,tadfai I8 0 2 and mass 

^ ^ Sh0Wn that ^ ****** incorporates 

SatT. T^" mt ° b0th N0 81141 citrumne > indicating 
tnat it is a dioxygenase (Leone et al. 1991) 

cardwoscular system, a. in vitro. Data from experi- 

inWb^ V ??i, ,n ^ ate that L " NMMA is a competitive 
nhibitor of the NO synthase (Palmer and Moncada, 
1989; Mayer et al., 1989). An effect of this compound on 



^ 68/24/2884 18:17 12844889823 

t • * 



PAGE 08 



NITRIC OXIDE 



other arginine-metaboluing enzymes has not been re- 
ported, although it has been shown not to affect either 
"f^! 01 axBinine decarboxylase (Granger et aL, 1990). 
L-NMMA also inhibits the release of NO from endothe- 
lial cells (Palmer et aL, 1988b) and vascular tissues (Rees 
et aL, 1989a; Amezcua et aL, 1989). This compound has 
been a useful tool in the investigation of the biological 
significance of the L-arginfae:NO pathway in the cardi- 
ovascular system. 

L-NMMA induced an endothelium -dependent con- 
striction of rabbit aortic rings, indicating that there is a 
continuous release of NO which maintains a dilator tone 
in this tissue (Palmer et aL, 1988b). The removal of this 
vf^,. 6 accounts for all the constrictor activity of L- 
NMMA, mcluding its apparent nonspecific endothelium- 
dependent vasoconstrictor effect on rat aortic rings 
(Thomas et al 1989). Furthermore, l-NMMA inhibited 
! n oo^ U ^* dependetlt Nation educed by ACh 
J w!?^ P (PaImer et ^ 198 8b; Rees et 

al., 1989a) All of these effects could be reversed by L- 
arginme. Moreover, l-NMMA inhibited the release of 
NO induced by ACh from the perfused rabbit aorta, 
effects which were enantiomerically specific and revers- 
iwe by l- but not D-wginine (Rees et aL, 1989a). Inhi- 
bition by L-NMMA of histamine- and ACh-faduced en- 
dothelium-dependent relaxation of the guinea pig ttul- 

et al., 1988). L-NMMA has since been used to examine 
to J2iS L '«^--NO pathway in the response 
to yasochlators m other vascular preparations in vitro, 
n^uing rat aorta (Giuliani et aL, 1990), canine cerS 

The ^ importance of NO, formed from L-arginine in 
dependent dilators in resistance vessels was demon- 

NMMA caused ^»SZSZ£ 
sure and an inhibition of the decreasTin 
bSS r,r re , mduced by ACh « accompanied b7 fahi- 

Uese effect rel6aSe ° f N -° » to the SSS. 
aSnuefrS 1 enantiomerically specific and were 
rnSSH not ^arginine. Interestingly, l- 

selective "biochemical denudation" of the pr3arion 

fiL of ACh on smooth muscle. Some of these 

findings were subsequently observed in the tolafed per? 
fcaed guinea p,g heart (Levi et al., 1990) 
Recent evidence shows that removal of the endocar- 

mtl 9 * n6gativ . e m ™ 0 »" effe « m isolated pap- 
wary muscle preparations (Smith «* al igan <fS 

2KE ^ P^eendoct: 

et al igoTf !? f"^ 083689 an NO synchase (Schulz 
o ays' fl ro £' 8U * ge8tS th , at ^nine:NO pathwav 
- Hs» a role „ myocardial contractility (Lewis et al 



115 



1990; Smith etaL, 1991). 

b. IN vivo. In anesthetized rabbits intravenous admin- 
istration of L-NMMA, but not D-NMMA, induced an 
increase in blood pressure that could be reversed by L- 
but not D-arginine and was associated with a reduced 
release of NO from a perfused aortic segment obtained 
from treated animals (Rees et al., 1989b). This reduced 
release could be reversed by infusing L-arginine through 
the aortic segment in vitro. Thus, the basal release of 
NO derived from L-arginine plays an important role in 
regulating blood flow and pressure. Furthermore, the 
stimulated release of NO contributes to the response to 
endothelium-dependent vasodilators in vivo. 

The hypotensive response to ACh in the anesthetized 
rabbit, rat, or guinea pig was inhibited only partially by 
L-NMMA (Rees et aL, 1989b; 1990c; Whittle et al., 1989; 
Aisaka et al., 1990), and thiB effect was mainly detectable 
when expressed in terms of both the decrease and the 
duration of the hypotensive response. The reasons for 
this partial inhibition are not clear at present. Further 
work is required to clarify the mechanisms underlying 
these observations. 

L-NMMA has subsequently been shown to cause an 
increase in blood pressure in anesthetized guinea pigs 
(Aisaka et al., 1989, 1990) and rats (Whittle et al., 1989; 
Gardiner et al., 1990a,b; Tolins and Raij, 1990; Toline et 
aL, 1990; Rees et aL, 1990c). In one of these studies 
(Tolins et al., 1990), the vasodilation induced by ACh 
was accompanied by an increase in the urinary excretion 

^LZ^J?**? 1 bot}i of which were Prevented by l- 
NMMA. Furthermore, the effects of L-NMMA on blood 
pressure were accompanied by a decrease in glomerular 
filtration rate. 

The increase in blood pressure induced by L-NMMA 
was accompanied by a decrease in vascular conductance 
m the renal, mesenteric, carotid, and hindquarters vas- 
cular beds of conscious, chronically instrumented rats 
(Gardiner et aL, 1990b). Furthermore, these effects were 
sustained if the infusion of L-NMMA was continued for 
6 h (Gardiner et aL, 1990c), indicating not only the 
critical role of NO in mafataining a dilator tone fa all 
these beds but also the fact that regulatory systems in 
the vasculature are unable to reaccommodate the flow 
toward pretreatment levels. In awake, chronically instru- 
mented dogs, L-NMMA induced a dose-ralated , L-argi- 
nme-reversible, constriction of the coronary circulation 

!f iL? J? Ctl ? 4 n i, n ***** P ha8ic ^ronary flow (Chu et 
ai., 1991; fig 4). The coronary vasodilation which follows 
vagal stimulation has also been suggested to be NO 
dependent (Broten et al., 1991) 

hSS^t thSt th6 va80dilati °" Educed by ACh or 

a^ted'bv^" 01 ^ ^ dUCed by GT N, could be 
attenuated by tins compound (Vallance et al, 1989a,b) 

fnd^edTL 6 ;^" 683 in the brachial «"» L -NMMA 
induced duect vasoconstriction, it had no such direct. 
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